Introduction {#Sec1}
============

Influenza virus-induced respiratory tract infection often poses considerable medical problems and public health concerns as well as economic hardships to humans and society. The 2009 influenza A H1N1 virus rapidly infected millions worldwide, with estimates of 201,200 respiratory deaths (range 105,700--395,600) and an additional 83,300 (46,000--179,900) cardiovascular deaths^[@CR1],[@CR2]^. The morbidities and mortalities are often a direct result of a cytokine storm, which defines an early exacerbation and dysregulation of the innate immune response, with robust cytokine/chemokine production^[@CR3]--[@CR5]^.

Studying human 2009 influenza A virus infection in animal models^[@CR3],[@CR6],[@CR7]^, we uncovered that cytokine storms were chemically treatable using sphingosine-1-phosphate receptor (S1PR) agonists, which dramatically blunted the production of cytokine/chemokine and inhibited the innate cellular response. Sphingosine-1-phosphate (S1P), the metabolic product of sphingomyelinase activity, is a potent immunomodulatory small molecule^[@CR8]^. Platelets, red blood cells and endothelium are believed to be the main sources of S1P^[@CR9]--[@CR11]^. S1PR1, a receptor for the bioactive lipid S1P, is expressed on lymphocytes, dendritic cells and endothelial cells^[@CR3]^. Endothelial S1PR1 activation is the key regulator of influenza virus-induced cytokine storm^[@CR3]^. S1P binding to S1PR1 on the endothelial cell surface can limit the migration of effector lymphocytes to immunologic injury areas, down-modulate the number of virus-specific T cells, blunt cytokine/chemokine expression and reduce the supply of innate inflammatory cells (e.g. natural killer cells, polymorphonuclear leukocytes and macrophages)^[@CR3],[@CR7],[@CR12]--[@CR15]^.

Our *in vitro* study demonstrated the critical role of S1PR1 signaling in regulating the production of cytokine/chemokines by the silencing and over-expressing S1PR1 in cultured human pulmonary microvascular endothelial cells (HPMECs) infected by influenza A virus^[@CR16]^. To further validate the functional role of the S1PR1 signaling pathway in immunomodulating effects, animal experiments modelling acute lung injury (ALI) induced by influenza A virus infection are needed. However, S1PR1-deleted mice die at the embryonic stage as a result of oedema, extensive haemorrhage and defective vascular maturation^[@CR17],[@CR18]^. Thus, we developed inducible genetic loss-of-function models and analysed the therapeutic efficiency of CYM-5442 to elucidate the anti-inflammatory effect of endothelial S1PR1 in the pathogenesis of influenza A H1N1 infection.

Methods {#Sec2}
=======

Virus {#Sec3}
-----

The influenza virus in this study was influenza A H1N1 virus strain A/Nanjing/108/2009, (referred to as H1N1 below). H1N1 was isolated and cultured in Madin-Darby canine kidney (MDCK) cells as described before^[@CR19]^. Live-virus experiments were performed in Biosafety Level 2 facilities at the Second Affiliated Hospital, Southeast University.

Mice and ethics statement {#Sec4}
-------------------------

Wild-type (WT) mice, *S1PR1*-floxed mice and *Tek-CreER*^*T2*^ mice on the C57BL/6J background were used in these experiments. *S1PR1*^*loxP/loxP*^ mice and *Tek-Cre*^*ERT2*^ mice were provided by the Nanjing Biomedical Research Institute of Nanjing University. Mice were kept in individual cages with free access to water and food under specific-pathogen-free conditions.

*S1PR1*-floxed mice were crossed to *Tek-CreER*^*T2*^ mice to generate *S1PR1*^*loxP/loxP*^ *Tek-CreER*^*T2*^ mice. Cre-mediated excision was induced in 4-week-old *S1PR1*^*loxP/loxP*^ *Tek-CreER*^*T2*^ male mice by intraperitoneal injection of tamoxifen (TM, 1 mg/day) for five consecutive days^[@CR20]^. Males of the same genotype with vehicle (corn oil) injection alone were used as controls.

Mice were challenged intranasally with 10^5.5^ 50% tissue culture infective dose (TCID~50~) of H1N1 virus or an equal volume of virus diluent under 1% (w/v) pentobarbital sodium anaesthesia. Animal experiment proposals were reviewed and approved by the Institutional Animal Care and Ethics Committee of Jinling Hospital, Nanjing University School of Medicine (approval number: JLYY:2013021). We confirm that all experiments were performed in accordance with relevant guidelines and regulations. Experiments were repeated 3 times.

Drug treatment {#Sec5}
--------------

Intratracheal delivery of CYM-5442 (Sigma-Aldrich, MO, USA) (2 mg/kg dissolved in 100 μL of water) or vehicle (100 μL of water) was administered to mice under 1% (w/v) pentobarbital sodium anaesthesia at 1, 13, 25, and 37 hours post-infection. Oseltamivir (Jinling Hospital, Nanjing, China) (2.5 mg/kg dissolved in 100 μL of water) or vehicle (100 μL of water) was administered to mice by oral gavage twice per day for 5 days starting at 1 hour post-infection.

Weight changes and survival rates {#Sec6}
---------------------------------

After the mice were inoculated intranasally with H1N1 virus, the body weight and survival rates in each group were monitored consecutively for 10 days. The body weight at day 0 served as the baseline.

Lung wet/dry weight ratio measurement {#Sec7}
-------------------------------------

The lung wet/dry weight ratio was used to assess the degree of pulmonary oedema. On day 5 post-infection, the mice were sacrificed. Whole lungs were excised, blotted dry and weighed. Then the lungs were dried in an oven at 55 °C for 24 hours, and the dry weights were weighed and recorded, after which the wet/dry weight ratios were calculated.

Histopathology evaluation {#Sec8}
-------------------------

Lungs were harvested on day 5 post-infection and perfused with phosphate-buffered saline (PBS) to remove blood. The lungs were fixed in 10% formalin, paraffin-embedded, sectioned at 4 μm thickness, placed on glass slides, and stained with haematoxylin and eosin. Slides were analysed by three separate pathologists who were blinded to the experiment. The levels of infiltrating inflammatory cells were counted using a normal optical microscope and represented as average cell numbers per 50 randomly chosen regions of lung parenchyma per sample at a magnification of 1000.

Measurements in bronchoalveolar lavage fluid (BALF) {#Sec9}
---------------------------------------------------

The BALFs were collected at 48 hours post-infection by flushing 0.6 ml of ice-cold PBS back and forth three times through a tracheal cannula with a 20-gauge catheter. The BALFs were centrifuged at 5000 r/min for 10 min at 4 °C and stored at −80 °C until analysis. The total protein concentration in the BALF was examined by a standard BCA assay kit (ThermoFisher, MA, USA). ELISAs were performed on the BALF using mouse CCL2 (MCP-1), CCL3, CCL5 (RANTES), CXCL2, CXCL10 (IP-10), TNF-α and IL-6 kits (R&D Systems, MN, USA). The concentrations of IFN-α, IFN-γ and IL-1α in the BALF were measured with the mouse ELISA kits (SbjBiol Company, Nanjing, China).

Western blot analysis {#Sec10}
---------------------

Lung tissues were lysed in RIPA buffer containing phosphatase inhibitors and protease inhibitors for 30 min on ice. The tissue lysates were then centrifuged at 12 000 rpm for 10 min at 4 °C to obtain the supernatant. Protein concentrations were determined by a standard BCA kit (Thermo_Fisher, MA, USA). Samples were denatured by heating at 95 °C for 10 min after mixing with loading dye. Equal amounts of samples were loaded onto SDS-PAGE gels separated by electrophoresis and then transferred onto polyvinylidene difluoride membranes. The membranes were then blocked with 5% nonfat milk for 1 hour while shaking at room temperature. The membranes were then incubated with primary antibodies and horseradish peroxidase (HRP)-conjugated secondary antibodies. Bands were visualized using the enhancing chemiluminescence (ECL) system (Amersham Biosciences, PA, USA). The band intensity was analysed using ImageJ software.

The primary antibodies, including anti-ERK, anti-JNK, anti-phospho-ERK, anti-phospho-JNK, anti-p-p65 subunit and anti-β-actin, were purchased from Cell Signaling Technology (MA, USA). Antibodies against the p65 subunit of NF-kB were purchased from Santa Cruz Biotechnology (TX, USA). HRP-conjugated secondary antibodies were purchased from Abcam (Cambridge, MA, USA).

Immunofluorescence staining and imaging {#Sec11}
---------------------------------------

Lung tissues were removed and immunofluorescence staining was performed via a standard protocol. Nonspecific sites were blocked with 3% bovine serum albumin (BSA) in PBS. Anti-S1PR1 (Proteintech Group, Chicago, IL, USA) and anti-CD31 antibodies (Abcam, Cambridge, MA, USA) were used for immunostaining. After incubation with primary antibodies, the tissues were further incubated with fluorescent secondary antibodies (Alexa Fluor dyes). Nuclei were stained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma, St. Louis, MO, USA). Finally, confocal immunofluorescence images were captured by Olympus Fluo View confocal microscopy.

Quantitative real-time RT-PCR {#Sec12}
-----------------------------

The studies measured the levels of influenza H1N1 virus RNA from mice lung samples on day 3 post-infection. The levels of viral RNA were quantified by a standard real-time RT-PCR assay for detection of the influenza A virus M1 gene. For the real-time PCR, cDNA was made from RNA isolated from mouse lung tissue. A total amount of 1 μg of RNA was used for reverse-transcription to obtain cDNA with a RT-PCR kit (Thermo Fisher Scientific, MA, USA), following the manufacturer's instructions. Real-time analysis for the H1N1 M1 gene and GAPDH was performed by using the SYBR Green Master Mix (Thermo Fisher Scientific, MA, USA) according to the manufacturer's instructions. Relative mRNA expression values of H1N1 M1 genes were normalized by GAPDH. The fold change in mRNA expression was calculated by the equation: 2 ^(ΔCt\ of\ M1\ gene-ΔCt\ of\ GAPDH)^. The melting curve for the H1N1 M1 gene was analysed to ensure the specificity of each amplification.

Statistical analysis {#Sec13}
--------------------

Data were presented as the mean ± SEM. The differences between groups were analysed by Student's *t* tests for comparing two groups or ANOVA with Tukey's *post hoc* test for multiple group comparisons. Survival data were analysed using Kaplan-Meier survival analysis. Statistical analysis was conducted using GraphPad Prism 5 software. P \< 0.05 indicated statistical significance.

Results {#Sec14}
=======

Deletion of endothelial S1PR1 promotes immune-mediated pulmonary injury induced by H1N1 infection {#Sec15}
-------------------------------------------------------------------------------------------------

To study the role of endothelial S1PR1 in virus-induced pulmonary injury, we used the endothelial cell-specific inducible S1PR1 knockout mouse line (referred to as *S1PR1 ECKO* below) and compared it with control mice. We combined the floxed *S1PR1* allele with a *Tek-CreER*^*T2*^ transgene that expresses a TM-inducible Cre recombinase under the control of the Tek promoter^[@CR20]^. At 4 weeks of age, *S1PR1*^*loxP/loxP*^ *Tek-CreER*^*T2*^ mice were injected with TM, thus ablating S1PR1 in a wide variety of tissues. After completion of TM injections, the S1PR1 protein was markedly reduced in most of the organs examined (lung, heart, liver, kidney and spleen) (Fig. [1A](#Fig1){ref-type="fig"}). The efficiency of deletion was verified by immunofluorescence staining with an almost complete loss of S1PR1 immunofluorescence in the pulmonary endothelium (Fig. [1B](#Fig1){ref-type="fig"}).Figure 1Endothelial cell-specific inducible S1PR1 knockout mouse. (**A**) Immunoblotting verified the levels of S1PR1. The S1PR1 protein level was markedly reduced in lung, heart, liver, kidney and spleen tissues after tamoxifen (TM) injection for 5 days. VEH: samples from vehicle-administered *S1PR1*^*loxP/loxP*^ *Tek-Cre*^*ERT2*^ mice; TM: samples after completion of TM administration. Each immunoblot is from a single experiment and is representative of three separate experiments. **(B**) Immunofluorescent staining of S1PR1 (green) and CD31 (red) in lung tissue. S1PR1 immunofluorescence was undetectable in pulmonary vascular endothelial cells of *S1PR1 ECKO* mice. Magnification: 1000× ; scale bars, 20 μm. Images are representative of 10 mice per group.

Compared to similarly infected control mice, mice with a deletion of endothelial S1PR1 displayed significantly shortened survival (median survival: 7 days versus 5 days, respectively; P = 0.008) (Fig. [2A](#Fig2){ref-type="fig"}). The lung wet/dry weight ratios in *S1PR1 ECKO* mice were significantly higher than those in control mice (P = 0.028) (Fig. [2B](#Fig2){ref-type="fig"}). We next examined whether S1PR1 gene ablation results in an increased degree of inflammatory response induced by virus infection. At 5 days post-infection, histological evaluation of *S1PR1 ECKO* mouse lungs showed an aggravation of lung injury evidenced by massive pulmonary tissue consolidation, excessive exudation in the alveolar air sacs, vascular haemorrhaging, increased alveolar wall thickness, hyaline membrane formation and considerable inflammatory cell infiltration (Fig. [2C](#Fig2){ref-type="fig"}). A significant increase in the number of infiltrating inflammatory cells was evident in the lungs of *S1PR1 ECKO* mice (P = 0.030) (Fig. [2D](#Fig2){ref-type="fig"}). At 48 hours post-infection, the concentrations of total protein in *S1PR1 ECKO* mouse BALF were significantly increased compared with those in control mouse BALF (P = 0.024) (Fig. [2E](#Fig2){ref-type="fig"}), while the abundance of cytokine/chemokine was markedly upregulated in *S1PR1 ECKO* mouse BALF (Fig. [2F](#Fig2){ref-type="fig"}). Analysis of IFN-α, IFN-γ, CCL2, CCL3, CCL5, CXCL2, CXCL10, TNF-α and IL-6 in BALF revealed significantly higher levels in *S1PR1 ECKO* mice than in control mice.Figure 2Endothelial S1PR1 deletion aggravates ALI induced by human pathogenic H1N1 2009 influenza virus infection in mice. Control and *S1PR1 ECKO* mice were infected with 10^5.5^ TCID50 of influenza A virus. (**A**) Kaplan-Meier survival curves (n = 15). Control mice survived longer than *S1PR1 ECKO* mice (P = 0.008). (**B**) Wet/dry ratios of lungs on day 5 post-infection (n = 6). (**C**) Representative pathological images of the lungs before and after infection. Histopathologic analysis on day 5 post-infection showed progressive lung lesions with increased infiltration of inflammatory cells, alveolar haemorrhage, hyaline membrane formation and oedema in *S1PR1 ECKO* mice. Magnification: 200× ; scale bars, 100 μm. (**D**) Relative number of infiltrating inflammatory cells in lung tissues on day 5 post-infection (n = 5). (**E**) Total protein in BALF at 48 hours post-infection (n = 5). (**F**) Concentrations of cytokines/chemokines were measured at 48 hours post-infection by ELISA in BALF (n = 5). \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.001 compared with control mice. These data are representative of three experiments and are shown as the means ± SEM.

S1PR1 activation by CYM-5442 suppresses the excessive immune response induced by H1N1 infection {#Sec16}
-----------------------------------------------------------------------------------------------

Control mice treated with CYM-5442 were much heavier than the vehicle-treated controls (P \< 0.001), whereas there was no significant difference in the weight of *S1PR1 ECKO* mice between those treated with vehicle or with CYM-5442 (Fig. [3A](#Fig3){ref-type="fig"}). The survival rates of the four groups were recorded (Fig. [3B](#Fig3){ref-type="fig"}). Treatment with CYM-5442 significantly improved the survival rate (45%) after influenza challenge compared with that of mice receiving vehicle (10%) in control mice (P = 0.033), but there was no effect in *S1PR1 ECKO* mice. The pulmonary oedema was measured by wet/dry ratios (Fig. [3C](#Fig3){ref-type="fig"}). On day 5 post-infection, the CYM-5442 treatment significantly reduced wet/dry ratios (P = 0.012) in control mouse lungs but not in *S1PR1 ECKO* mouse lungs. Histopathology of lungs showed that CYM-5442 administration greatly ameliorated immune-mediated lung damage with markedly decreased tissue consolidation and haemorrhage, thinner alveolar walls, and reduced inflammatory cell accumulation versus lungs from control mice receiving the vehicle (Fig. [3D](#Fig3){ref-type="fig"}). Compared to those of vehicle-treated control mice, there was a significant reduction in the number of inflammatory cells in the lungs (Fig. [3E](#Fig3){ref-type="fig"}) and in the cytokines/chemokines in the BALFs (Fig. [3F](#Fig3){ref-type="fig"}) of CYM-5442-treated mice. In *S1PR1 ECKO* mice, compared with vehicle recipients, the levels of cytokines/chemokines in CYM-5442 recipients showed a declining trend, although there was no statistical significance.Figure 3Administration of CYM-5442 ameliorates ALI induced by H1N1 virus infection in control mice, but no effect was observed on *S1PR1 ECKO* mice. Control and *S1PR1 ECKO* mice were infected with 10^5.5^ TCID50 of influenza A virus and treated with either vehicle or CYM-5442. (**A**) Body weight change curves (n = 20). The differences between vehicle and CYM-5442-treated control mice were significant (P \< 0.001). (**B**) Kaplan-Meier survival curves (n = 20). Control mice treated with CYM-5442 survived longer than untreated control mice (P = 0.033). (**C**) Wet/dry ratios of lungs from infected mice (n = 6). (**D**) Representative pathological images of the lungs on day 5 post-infection. Lung injury was significantly less in control mice receiving CYM-5442 with less pulmonary consolidation, exudation in alveolar air space, vascular haemorrhage and inflammatory infiltrates than lung injury in vehicle recipients. Magnification: 200× ; scale bars, 100 μm. (**E**) Relative average quantification of inflammatory cells in lung tissues on day 5 post-infection (n = 5). (**F**) Concentrations of cytokines/chemokines were measured at 48 hours post-infection by ELISA in BALF (n = 5). (**G**) Viral loads of 2009 H1N1 in lung tissues on day 3 post-infection (n = 5). Using uninfected mice lung RNA as a baseline, equivalent levels of influenza virus RNA occurred in all four groups. \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.001. These data are representative of three experiments and are shown as the means ± SEM.

The S1PR1 signaling pathway does not affect viral infection {#Sec17}
-----------------------------------------------------------

The levels of influenza virus RNA from mouse lung samples at 3 days post-infection were determined (Fig. [3G](#Fig3){ref-type="fig"}). Data are presented as the fold increase over that of uninfected mouse lung tissue. The RNA levels of the H1N1 M1 gene did not show a significant difference between *S1PR1 ECKO* mice receiving vehicle and control mice receiving vehicle. Moreover, the levels of viral RNA in CYM-5442 recipients were similar to those in vehicle recipients in control mice, which is inconsistent with the mortality and histopathology data.

CYM-5442 decreases activation of the MAPK and NF-kB pathways in infected mice {#Sec18}
-----------------------------------------------------------------------------

WT C57BL/6J mice were infected with 10^5.5^ TCID50 of H1N1 or virus diluent and either vehicle or CYM-5442 was administered to the mice. Lungs were harvested at 48 hours post-infection, and the effect of CYM-5442 on MAPK and NF-kB pathways was examined by western blot analysis.

To confirm activation of the MAPK pathways, the activated forms of ERK1/2 and JNK1/2 were detected in lung tissue extracts by using antibodies that selectively recognize the phosphorylated (activated) forms. CYM-5442 had no effect on the expression levels of phospho-ERK1/2 and phospho-JNK1/2 in uninfected mice (Fig. [4A](#Fig4){ref-type="fig"}). Both ERK1/2 and JNK1/2 were phosphorylated at significantly higher levels in H1N1-infected mice than in uninfected mice (Fig. [4A](#Fig4){ref-type="fig"}). The phosphorylation levels of ERK1/2 and JNK1/2 were significantly diminished in infected mice treated with CYM-5442 (Fig. [4B](#Fig4){ref-type="fig"}). To verify activation of the NF-kB pathway, lung tissue extracts were analysed for changes in levels of phosphorylated p65. The results demonstrated that CYM-5442 did not affect the expression level of phospho-p65 in uninfected mice (Fig. [4C](#Fig4){ref-type="fig"}). The phosphorylation of p65 appeared to be enhanced significantly in infected mice. Administration of CYM-5442 in infected mice resulted in significantly decreased levels of phospho-p65 (Fig. [4D](#Fig4){ref-type="fig"}). Our data demonstrated that CYM-5442 treatment attenuated the activation of the MAPK and NF-kB signaling pathways, which were induced by virus infection.Figure 4The MAPK and NF-kB pathways are involved in ALI induced by virus infection mediated by S1PR1 signaling. WT mice were infected with 10^5.5^ TCID50 of influenza A virus or virus diluent, and either vehicle or CYM-5442 were administered to mice. Lungs were harvested at 48 hours post-infection for western blot analysis. Densitometry was performed and fold changes in protein expression were quantified. **(A)** Activation of ERK1/2 and JNK1/2 in infected mice. **(B)** Inhibition of ERK1/2 and JNK1/2 phosphorylation by CYM-5442. (**C**) Virus infection increased the phosphorylation of NF-kB p65. **(D)** Decreased phosphorylation of NF-kB p65 in infected mice after CYM-5442 treatment. \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.001. Data are shown as the means ± SEM from five mice/group. Each immunoblot is from a single experiment and is representative of three separate experiments.

CYM-5442 combined with oseltamivir provides maximum protection against H1N1 viral challenge {#Sec19}
-------------------------------------------------------------------------------------------

Of the WT mice infected with 10^5.5^ TCID50 of H1N1, one group received vehicle alone, a second group was treated with CYM-5442 alone, a third group received oseltamivir administration alone, and a combination of CYM-5442 and oseltamivir was administered to a fourth group.

Combined CYM-5442 and oseltamivir treatment resulted in 75% survival at 10 days post-infection and provided greater survival than either CYM-5442 (45%; P = 0.03) or oseltamivir (30%; P = 0.001) alone (Fig. [5A](#Fig5){ref-type="fig"}). The pulmonary oedema measured by wet/dry ratios was substantially ameliorated (Fig. [5B](#Fig5){ref-type="fig"}) and accompanied with an improved survival rate, when mice were administered by CYM-5442 and oseltamivir in combination. Histological examination of the lungs revealed that combined treatment dramatically reduced tissue injury (Fig. [5C](#Fig5){ref-type="fig"}). Mice treated with CYM-5442 alone showed smaller areas of tissue consolidation, less numerous vascular haemorrhages, and less inflammatory cell infiltration than those received oseltamivir alone at 5 days post-infection. Notably, minimal injury was recorded in mice receiving combined CYM-5442 and oseltamivir, which was consistent with the number of infiltrating inflammatory cells (Fig. [5D](#Fig5){ref-type="fig"}). Compared with vehicle- and oseltamivir-treated mice, CYM-5442 as well as combined CYM-5442 and oseltamivir recipients had significantly diminished concentrations of total protein in BALF on day 2 post-infection (Fig. [5E](#Fig5){ref-type="fig"}). As shown in Fig. [5F](#Fig5){ref-type="fig"}, CYM-5442-treated mice produced significantly reduced levels of IFN-α, CCL2, CCL5, CXCL10 and IL-6 in their BALF tested at 48 hours post-infection. Oseltamivir treatment alone significantly inhibited the production of CCL2. Importantly, combined CYM-5442 and oseltamivir administration resulted in significantly reduced levels of IFN-α, IFN-γ, CCL2, CCL5, CXCL10, TNF-α, IL-6 and IL-1α compared with those of vehicle treated mice.Figure 5Combination therapy of CYM-5442 and oseltamivir provides the greatest therapeutic benefit. Wild-type (WT) mice were infected with 10^5.5^ TCID50 of H1N1 virus and either vehicle, CYM-5442, oseltamivir or combined CYM-5442 and oseltamivir were administered to mice. (**A**) Kaplan--Meier survival curves (n = 20). For mice treated with vehicle alone, 15% survived at 10 days after infection. Compared with vehicle administration, CYM-5442 administration alone enhanced survival (45% vs. 15%; P = 0.02). Combined treatment further enhanced survival (75% vs. 15%; P \< 0.001) and was more efficient than CYM-5442 (75% vs. 45%; P = 0.03) and oseltamivir (75% vs. 30%; P = 0.001) treatments alone. (**B**) Lung wet/dry weight ratios on day 5 post-infection (n = 6). **(C**) Histopathologic analysis of pulmonary tissues on day 5 post-infection. Pathological images showed less inflammatory cell infiltration, haemorrhage and pulmonary oedema in the three treatment groups than in the vehicle group. Tissue injury was minimal in the combined treatment group. Magnification: 200× ; scale bars, 100 μm. **(D)** Assessment of inflammatory cell accumulation on day 5 post-infection (n = 5). **(E)** Analysis of total protein in BALF at 48 hours post-infection (n = 5). **(F)** Levels of cytokines/chemokines in BALF at 48 hours post-infection (n = 5). \*P \< 0.05, \*\*P \< 0.01 and \*\*\*P \< 0.001. These data are representative of three experiments and are shown as the means ± SEM.

Discussion {#Sec20}
==========

Most patients infected with the 2009 H1N1 virus suffered respiratory illness and some severe cases developed to acute respiratory distress syndrome (ARDS)^[@CR21]^. The fatal ARDS patients had higher plasma levels of proinflammatory cytokines/chemokines than the non-fatal ARDS or the mild-disease patients^[@CR22]^. In 2011, Teijaro, *et al*. used the S1PR1 selective agonist CYM-5442 to suppress innate immune responses, resulting in inhibition of cytokine/chemokine secretion and reducing mortality significantly in H1N1-infected mice^[@CR3],[@CR4]^.

To further validate the involvement of endothelial S1PR1 signaling in the control of immunopathology induced by H1N1 infection, endothelial cell-specific S1PR1 genetic loss in mice was analysed. The lungs of virally infected *S1PR1 ECKO* mice were highly oedematous and extensively exudative, as reflected by significant increases in wet/dry weight ratios and BALF total protein concentration. H1N1 infection induced a progressive disease pathogenesis in *S1PR1 ECKO* mice, which was demonstrated by diffuse alveolar damage, vascular haemorrhage and excessive inflammatory infiltration. In agreement with the mortality and histopathology results, the concentrations of responsive cytokines/chemokines in the BALF were significantly upregulated in *S1PR1 ECKO* mice, indicating an aberrant pulmonary immune response.

In contrast, S1PR1 activation by CYM-5442 effectively dampens immune-mediated lung injury after influenza challenge. The changes in body weight and improved survival rates suggested that CYM-5442 treatment had a protective effect against virus infection. The therapeutic efficiency of CYM-5442 was confirmed by assessing pulmonary oedema and histoathology, which were substantially ameliorated, accompanied by reduced levels of total protein and cytokines/chemokines in the BALF. In our study, the immunopathology induced by influenza virus infection was not improved by CYM-5442 in *S1PR1 ECKO* mice, indicating that S1PR1 expression on endothelial cells is critical in CYM-5442-induced lung protection.

We systematically demonstrate that the MAPK and NF-kB signaling pathways, which are upstream signaling molecules in inflammatory reactions, are mediated by S1PR1 signaling in 2009 H1N1-infected mice. The MAPK family has been shown to play important roles in influenza virus-induced proinflammatory cytokine expression^[@CR19],[@CR23],[@CR24]^. Therefore, we investigated the effect of CYM-5442 on the activation (phosphorylation) of MAPK components induced by virus infection. We noted that influenza virus infection increased the activation of MAPK pathway components, including ERK1/2 and JNK1/2, whereas CYM-5442 inhibited the activation of the MAPK pathway, which was accompanied by alterations in the levels of cytokines/chemokines. As the NF-κB pathway is a key signaling pathway that mediates the production and release of antimicrobial molecules to activate the immune response^[@CR25],[@CR26]^, we assessed the phosphorylation of the p65 subunit, which is essential for the activation and translocation of NF-κB heterodimers. We found that activation of p65 was upregulated by H1N1 infection and downregulated by CYM-5442 administration in infected mice, confirming a previous *in vitro* report^[@CR16]^. Mechanistically, our study provided *in vivo* validation of the critical role of MAPK and NF-kB signaling pathways through which S1PR1 signaling may ameliorate ALI induced by influenza virus infection.

The combination therapy of CYM-5442 and oseltamivir gave the greatest therapeutic benefit in virulent influenza virus infections. The survival rate, lung histopathology and pulmonary oedema alterations in the combination-treated mice were significantly improved. During inflammation, increased levels of cytokines/chemokines result in the recruitment of immune cells into inflamed sites^[@CR27],[@CR28]^, while an aberrant immune response with robust cytokines/chemokines secretion and excessive inflammatory cell recruitment to the lung is the key contributor to the morbidity and mortality of 2009 H1N1 infections^[@CR3],[@CR22]^. After treatment with a combination of CYM-5442 and oseltamivir, the levels of responsive cytokines/chemokines were significantly reduced in the infected mice.

Lung injury resulting from influenza virus infection depends on virus infection and an excessive inflammatory immune response with elevated expression of cytokines/chemokines^[@CR6],[@CR7],[@CR29]^. K. B. Walsh^[@CR7]^ demonstrated that S1PR1 agonist treatment can blunt dendritic cell activation and hamper the proliferation of T cells, resulting in a smaller number of virus-specific T cells. Thus, activation of S1PR1 generates a sufficient anti-influenza virus T-cell response that terminates the infection. We found that CYM-5442 did not disrupt the kinetics of viral clearance *in vivo* but successfully limited immune-mediated pulmonary injury. Oseltamivir inhibits influenza virus neuraminidase activity, preventing the release of newly replicated virions from the surface of lysed cells, ultimately reducing viral load. The joint regimen of oseltamivir and CYM-5442 produced the best therapeutic effects in treatment of H1N1 infection in mice model. Therefore, utilizing a combination of the S1PR1 agonist CYM-5442 which controls immunopathologic injury and the antiviral neuraminidase inhibitor oseltamivir which inhibits viral replication, could achieve optimal results.

Multiple studies over the past decade have demonstrated that S1PR1 signaling is critical in the suppression of enhanced and unneeded inflammation, maintaining endothelial barrier function and protecting the host from immunopathology^[@CR3],[@CR4],[@CR30]--[@CR32]^. The sphingosine analogue FTY720 (fingolimod) was approved by the US Food and Drug Administration as a first-line treatment for relapsing forms of multiple sclerosis, highlighting the potential use of S1P receptor agonists^[@CR33]^. Signaling by nonessential but injurious S1P receptors that are associated with several side effects, e.g., airway hyperresponsiveness, bradycardia, lymphopenia and vascular barrier disruption, is likely to limit their utility in ALI syndromes^[@CR34]--[@CR37]^, which indicates that selectivity of the S1P receptor is important. Our data provide strong evidence *in vivo* that activated S1PR1 in endothelial cells is an essential component for dampening the destructive immune response against influenza virus infection. Hence, a therapeutic approach using selective S1PR1 agonists is of particular interest.

We acknowledge some limitations in our study. The absence of analysis of delayed administration at the time when the immune response is most destructive is a shortcoming in the study. In actual real world situations, people will not receive treatment until 1--2 days after infection. A delayed therapy, e.g, starting at 6 or 24 hours or later after infection, needs further investigation. Additionally, we did not perform experiments to show which cell types and how these cells contribute to cytokine induced pathology during infection in *S1PR1 ECKO* mice. However, previous literature has demonstrated that endothelial cells are a source of cytokines/chemokines in the lung during influenza infection, and that S1PR1 signaling in the endothelium provides a mechanism for inhibiting cytokine storms and blunting the accumulation of innate inflammatory infiltrates characterized as macrophages/monocytes, neutrophils, and NK cells^[@CR3],[@CR7]^. Another limitation is that the role of the CYM-5442 ligand in virus-specific adaptive immune cell recruitment was not checked. It will be an important future direction of our research.

Cumulatively, our data assist in elucidating the functional role of endothelial S1PR1 in the lung tissue pathogenesis of H1N1 infection. We systematically illustrate that MAPK and NF-kB signaling pathways are involved in ALI mediated by activated S1PR1 in 2009 H1N1-infected mice. Moreover, our results show that a therapeutic treatment consisting of the specific S1PR1 agonist CYM-5442 and the antiviral drug oseltamivir may be useful for a future influenza A (H1N1) virus pandemic.
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